In the wounded nucleon model, a proton-nucleus (p+A) collision is a superposition of independent nucleon-nucleon collisions. We use this model to calculate the average transverse momentum of pions, kaons and protons in high energy p+A collisions. For the same number of produced particles, because the number of participants differs, in the wounded nucleon model the transverse momentum of hadrons can differ between p+p and p+A collisions. In this model we find that the average transverse momentum in high multiplicity p+A collisions depends weakly on the number of produced particles, and underestimates the preliminary experimental data at the LHC. The difference is small for pions and greater for kaons and protons. The magnitude of this difference is consistent with hydrodynamic expectations.
One way to distinguish between different models is to study the average transverse momentum of hadrons as a function of the number of produced particles. For example, it is known that hydrodynamic radial flow strongly affects average transverse momentum, p T , of protons but only slightly that of pions. Indeed, the momentum change due to the radial flow can roughly be estimated by m · v flow , where m is the mass of the particle and v flow is the flow velocity. Thus careful analysis of p+A data can elucidate to what degree hydrodynamics plays a role in p+A collisions.
Recently the CMS Collaboration at the LHC revealed its preliminary data on the average transverse momentum of pions, kaons and protons as a function of produced particles in p+Pb collisions at √ s = 5.02 TeV [14] . Interestingly, the average transverse momentum, p T , in p+Pb collisions is quite different in comparison to p+p collisions at similar energies. In both systems p T is a rapidly growing function of the number of produced particles. Moreover, at a given number of particles p T pA < p T pp . All this features seem to be consistent with the CGC approach, as recently argued in Ref. [15] , thus leaving very little room for the hydrodynamic evolution.
The data collected at the top RHIC and SPS energies suggest that p+A collisions can be viewed, with a good precision, as a superposition of elementary p+p collisions. This is strikingly manifested by the very good agreement of the p(d)+A data with the prediction of the wounded nucleon model [16, 17] 
where N pA ch and n pp ch are the average numbers of produced particles in p+A and p+p collisions, respectively, and N part is the number of wounded nucleons. The wounded nucleon model, and its modifications [18] , proved very successful in understanding many features of heavy-ion collisions data. In this model, the interpretation of Eq. (1) is straightforward. In p+A collisions, a nucleon inside a nucleus is struck exactly once and subsequently produces a certain number of particles, on the average equal n pp ch /2. In this letter, we apply the wounded nucleon model to investigate how the average transverse momentum of particles in p+p collisions reveals itself in p+A collisions.
1 Since p T in p+p collisions is a rapidly changing function of the number of produced particles [20] , it is not clear how p T in p+A collisions, with many nucleon-nucleon interactions, depends on the number of produced particles.
2 Our calculations may serve as a natural baseline for an onset of collective physics (including CGC) irreducible to elementary nucleon-nucleon interactions. 1 The question arises if the applicability of the wounded nucleon model to p+A collisions breaks down at the LHC energies, where owing to the Lorentz contraction of the colliding nucleus, one could expect formation of coherent interacting color fields rather than a superposition of independent elementary nucleon-nucleon collisions [19] .
2 Only in the case p T pp N = const, the prediction for p+A collisions is trivial, that is,
Our main result is that the average transverse momentum in high multiplicity p+A collisions weekly depends on the number of produced particles and underestimates the preliminary experimental data at the LHC. The difference is rather small for pions (∼ 100 MeV) and greater for kaons (∼ 300 MeV) and protons (∼ 500 MeV). It is interesting that the magnitude of this difference is consistent with hydrodynamic expectations, where the radial flow pushes heavier particles to higher momenta.
In the next section, we formulate the problem analytically and present the results based on numerical calculations. The last section gives our comments and conclusions.
Results and discussion
Suppose we have M independent sources (wounded nucleons) of particles in p+A collisions. The single particle distribution for particle species α at a given transverse momentum, p T , is obviously given by the sum of all sources
where
is the distribution function of particles α in p+A collisions at a given total numbers of particles (number of tracks) N i coming from each source i. 4 The single-particle distribution function provides
where N α s
Ni is the average number of particles α from the i-th source at a given total number of particles, N i , from this source; p α T s Ni is the average transverse momentum.
Using Eq. (2), the average transverse momentum in p+A collisions can be readily derived
where we defined the total number of particles α (from all sources) by
It is natural to expect that mean number of particles α, N α s Ni , from one source is proportional to the total number of particles (or tracks) from a given source
This simplifies Eq. (4) into
The average transverse momentum in p+A collisions at a given total number of produced particles N tot can be obtained by sampling distributions of N i such that N tot = i N i . In other words,
where P G (M ) is the distribution of the number of participants in p+A collisions and N is the proper normalization given by
In this paper, P G (M ) is defined by the Glauber Monte Carlo simulations. The probability P (N i ) is the multiplicity distribution of produced particles from the i-th source. Using Eq. (6) we obtain
To calculate p α t pA Ntot we apply the Glauber Monte Carlo model. As usual we first sample positions of nucleons in a nucleus according to the Woods Saxon distribution with parameters given in Ref. [21] . The number of participants is then computed taking inelastic cross-section for p+p collisions to be σ = 65 mb [23] . 5 To each wounded nucleon we prescribed the number of produced particles, in |η| < 2.4, sampled according to the negative binomial distribution 6 with parameters obtained from experimental data [24] , analysed in Ref. [25] . 5 We checked that hard-sphere and Gaussian inelastic profiles [18, 22] lead to the same results. 6 Average number of particles and k parameter in the negative binomial distribution equal to half of the values measured in p+p collisions. In the case of p+p collisions we have
If (12) with κ = 1.5. We use this approximation in our Monte Carlo calculations of p+A collisions. The input for the average transverse momentum (12) in p+p collisions is taken from the CMS data published in Ref. [20] .
In Figure 1 , we show the results for p+Pb collisions obtained in the wounded nucleon model (small filled points) in comparison to p+p experimental data (open symbols), which were used as an input in our calculations. We carried out the computations for two energies √ s = 2.76 TeV and √ s = 7 TeV, for positively charged pions, kaons and protons. Figure 1 shows that p+Pb calculations are always below experimental p+p data points. This can be understood in the following simple way. In an ordinary p+A collision the number of participants and consequently number of produced particles is larger than in an ordinary p+p collision. Thus, comparing both systems at the same number of produced particles, say N track = 100, a typical nucleon-nucleon interaction in a p+Pb collision produces less than 100 particles. Consequently, owing to the non-flat dependence of average transverse momentum in p+p as a function of N track , our p+Pb results are below the p+p data points. It is also worth noticing that our p+Pb results are significantly flatter then the experimental p+p data. The CMS Collaboration has collected preliminary data in p+Pb collisions at √ s = 5.02 TeV [14] . Since our model results do not change strongly in the energy range from 2.76 TeV to 7 TeV, we will compare the preliminary p+Pb experimental data with our model at √ s = 7 TeV. As shown in Figure 2 , our model results (bands) for protons, kaons and pions, are below the preliminary data (full symbols). For example, for N track = 200 our model calculations have a difference with experimental data of about 100 MeV for pions, 300 MeV for kaons and 500 MeV for protons. First, this suggests that high multiplicity p+Pb collision is irreducible to a superposition of p+p collisions and that collective/coherent effects must be accounted for. Second, the apparent discrepancy between the preliminary experimental data and our results may be explained by some mechanism which shifts particles to higher momentum proportionally to their masses, as one expects in the hydrodynamic models, where, the shift in the transverse momentum is roughly proportional to m · v flow . 7 The final conclusion, however, requires quantitative analysis of the data in a hydrodynamic model.
Comments and conclusions
Using the wounded nucleon model, based on the available experimental data of p+p collisions, we calculated the average transverse momentum of positively charged pions, kaons and protons in p+Pb collisions. The model results show that at a given number of particles (tracks) the average transverse momentum in p+Pb collisions is significantly smaller then the one in p+p collisions. We also compared our results with the preliminary CMS data in p+Pb collisions and we observed that the wounded nucleon model underestimates the data. This demonstrates that in high multiplicity p+Pb collisions at the LHC energy we encounter physics which cannot be reduced to a superposition of elementary p+p collisions. The magnitude of the difference between our model results and the preliminary CMS data is consistent with hydrodynamic expectations, and is small for pions and greater for kaons and protons.
Finally we comment that similar studies in central d+Au collisions would be very informative. 8 In this case, Eq. (1) is experimentally verified to a good precision [17] , that is, a d+Au collision at √ s = 200 GeV can be viewed as a superposition of elementary nucleon-nucleon collisions, when the number of particles is considered. The possible hydrodynamic effects are not expected to change the number of particles. Thus, it would be useful to analyze the measured PHENIX data [27, 28] and extract the average transverse momentum in p+p and d+Au collisions at different centralities. If there is no radial flow, we expect to observe p 
is small for pions and larger for kaons and protons.
